The transition to newborn life at birth involves major cardiovascular changes that are triggered by lung aeration. These include a large increase in pulmonary blood flow (PBF), which is required for pulmonary gas exchange and to replace umbilical venous return as the source of preload for the left heart. Clamping the umbilical cord before PBF increases reduces venous return and preload for the left heart and thereby reduces cardiac output. Thus, if ventilation onset is delayed following cord clamping, the infant is at risk of superimposing an ischemic insult, due to low cardiac output, on top of an asphyxic insult. Much debate has centered on the timing of cord clamping at birth, focusing mainly on the potential for a time-dependent placental to infant blood transfusion. This has prompted recommendations for delayed cord clamping for a set time after birth in infants not requiring resuscitation. However, recent evidence indicates that ventilation onset before cord clamping mitigates the adverse cardiovascular consequences caused by immediate cord clamping. This indicates that the timing of cord clamping should be based on the infant's physiology rather than an arbitrary period of time and that delayed cord clamping may be of greatest benefit to apneic infants.
T
he transition from fetal to newborn life at birth represents a major physiological challenge that all humans must undertake to survive. Before birth the future airways of the lungs are liquid-filled and the lungs take no part in gas exchange, which instead occurs across the placenta (1) . In addition, pulmonary blood flow (PBF) is low because pulmonary vascular resistance (PVR) is high, redirecting the majority of right ventricular output (RVO) through the ductus arteriosus (DA) and into the systemic circulation (2, 3) . While this physiological arrangement provides the fetus with key adaptive advantages that allow it to survive and flourish in utero, they are not conducive to survival after birth. In particular, separating the infant from the placenta (the fetal organ of gas exchange) by clamping the umbilical cord necessitates the rapid switch to pulmonary gas exchange within minutes of birth. This switch not only involves aeration of the airways and gas-exchange regions of the lung, but also includes a major reorganization of the fetal cardiovascular system (2) (3) (4) . Specifically, PVR must decrease rapidly so that PBF can increase and become the sole recipient of RVO. This is not only critical for ensuring that the lung's gas-exchange efficiency is adequate, but also critical for increasing PBF and enabling it to become the sole source of preload for the left ventricle (5, 6) . This is because PBF is the only source of venous return for the left heart in adults and so PBF must have the capacity to replace umbilical venous return as the primary source of preload for the left ventricle when the cord is clamped. As all of these events must occur within minutes of birth and all are critical for survival, it is not surprising that they are linked and mostly triggered by a single event: lung aeration (5, 6) . Lung aeration triggers the decrease in PVR and increase in PBF, which, combined with umbilical cord clamping, initiates a sequence of changes that dramatically reorganize the infant's circulation. As a result, major vascular shunts close, leading to anatomical separation of the pulmonary and systemic circulations and right and left sides of the heart, transforming the newborn's circulation from a fetal circuit into the adult phenotype (2) .
Such is the importance of these changes that much research has focused on the circulatory transition at birth. However, until recently the inter-relationships between lung aeration, the increase in PBF, umbilical cord clamping, and flow reversal through the DA have not been examined (5) . In particular, the changes have not been recognized as an integrated sequence of events that are highly interdependent and may significantly impact on the infant's cardiovascular function in the newborn period. This review will focus on recent developments that have advanced our understanding of how the infant transitions at birth and have provided new insights into improving clinical practice, such as the appropriate timing for umbilical cord clamping.
LUNG AERATION "TRIGGERS" THE INCREASE IN PULMONARY BLOOD FLOW AT BIRTH
By maintaining the lungs in a distended state, the presence of liquid within the future airways during fetal life plays an essential role in lung development (1) . However, at birth the Review airways must be cleared of this liquid to allow the entry of air and the onset of pulmonary gas exchange. Recent X-ray imaging studies have shown that after birth, airway liquid clearance predominantly occurs due to inspiratory activity. This creates a hydrostatic pressure gradient that facilitates the movement of liquid from the airways into the surrounding tissue (7) (8) (9) . As a result, liquid accumulates within the interstitial tissue compartment forming perivascular fluid cuffs (10) , which increases pressure within the lung's interstitial tissue compartment (11) . As liquid is cleared from the airways (typically within the first 3-5 breaths) much more quickly than from lung tissue (about 4 h), the chest wall must expand to accommodate the increase in lung volume caused by the increase in resting lung air volume (5, 7, 12) . This highlights the importance of the infant having a compliant chest wall at birth during the transition. In the absence of a compliant chest wall, failure of the chest wall to expand would increase intrathoracic pressures and interfere with the infant's respiratory and cardiovascular systems, the latter through reducing venous return and increasing PVR.
Although lung aeration is accepted as the primary trigger for the increase in PBF at birth (Figure 1 ) (4) , what remain less certain are the mechanisms by which aeration exerts this effect. A number of mechanisms are likely to be involved including increased oxygenation, enhanced activity of vasodilator agents, and a variety of mechanical effects associated with lung aeration (3, 13) . These include a "mechanical effect" of ventilation and changes in alveolar/capillary transmural pressures resulting from the formation of surface tension, which increases lung recoil despite the presence of surfactant (14, 15) . These topics have been covered in an excellent recent review (3) and so will not be discussed in detail here. Instead, we will focus on more recent insights, which suggest that a key component of the sequence of events leading to the decrease in PVR and increase in PBF at birth may have gone largely unnoticed.
The rationale underpinning all of the proposed mechanisms responsible for the increase in PBF at birth suggests that the response is solely activated by air entry (4), which presumably initiates vasodilation in aerated regions in a locally dependent manner. This assumption is based on a number of facts as well as information extrapolated from adult physiology. For instance, increasing and decreasing fetal oxygenation are well known (3) to increase and decrease PBF, respectively, independently of other factors. Similarly, i.v. administration of vasodilators can vasodilate the pulmonary vascular bed and increase PBF (3, 13) , although this vasodilation cannot be sustained. While this shows that the perinatal lung is responsive to oxygen and vasodilators, it also indicates that air entry must cause irreversible changes that act to alter the signaling pathways for key vasoactive agents causing localized vasodilation (3). The latter is an extrapolation from the known ventilation/ perfusion relationships in adult lung whereby increased alveolar oxygen levels cause localized vasodilation through nitric oxide-mediated pathways (16) . This increases blood flow to well-ventilated lung regions ensuring appropriate matching of ventilation and blood flow. In addition, the introduction of air into the lungs causes surface tension to form and increase lung recoil in a locally dependent manner (15, 17) . The increase in alveolar wall recoil increases capillary/alveolar wall transmural pressures, which increases capillary caliber in aerated regions (4) . Alterations in alveolar/capillary wall transmural pressures are a well-established determinant of pulmonary capillary flow and are a major determinant of vascular resistance within the mature lung (18, 19) . The latter is responsible for the welldescribed vertical distribution of capillary blood flow within the adult lung and alveolar capillary recruitment that markedly reduces PVR with increasing cardiac output.
Based on this knowledge, the spatial relationship between regional lung aeration and regional changes in PBF has recently been examined with the expectation that regional lung aeration would increase PBF only in aerated lung regions (20) . This was investigated using simultaneous phase contrast X-ray imaging and angiography, which uses the power of imaging to identify the spatial relationships between aeration and blood flow (Figure 2) . Contrary to what was expected, regional lung aeration triggered a global increase in PBF, indicating that the increase in PBF was not spatially related to lung aeration (20) . This observation alone indicates that our current understanding for how lung aeration stimulates an increase in PBF requires re-evaluation. Indeed, it is possible that an unknown mechanism, possibly independent of oxygen and the other mechanisms known to regulate regional PBF, triggers the initial increase in PBF (20) . Whatever the mechanism(s), it is clear that a major ventilation perfusion mismatch occurs in the lung at birth when only a portion of the lung aerates (Figure 2 ). This is important because regionalized aeration is a common event when initiating ventilation in very preterm infants. To compensate, the caregiver usually increases the oxygen pressure gradient by increasing the inspired oxygen content. However, it is possible that this "spatial disconnection" between lung aeration and increased PBF at birth has adaptive advantages. This is because the increase in PBF is central to maintaining cardiac output after birth, by becoming the sole source of left ventricular preload (see below). Although optimizing pulmonary oxygen exchange in the immediate newborn period is important, maintaining cardiac function is even more important to avoid ischemia contributing to any hypoxic events. If correct, then it would seem preferable to ensure that the increase in PBF and thus left ventricular preload is not limited by an inability to completely aerate the lung at birth. Clearly, further studies are required to determine how lung aeration triggers an increase in PBF in a spatially independent manner and the relative roles of systemic oxygenation and circulating vasodilators.
CARDIOVASCULAR CHANGES AT BIRTH: EFFECT OF CORD CLAMPING
In comparison to adults, the fetal circulatory system is considerably more complex. Because PVR is high, the majority of RVO bypasses the lungs and flows through the DA (rightto-left shunting), passing directly into the descending thoracic aorta. Much of this output then passes through the placental circulation for, among other things, oxygenation (2,3). As the placental circulation receives a high proportion of total fetal cardiac output (30-50% depending on species and gestational age), it is also a large source of venous return and preload for the fetal heart (2). In fetal sheep, at least 50% of umbilical venous return passes through the ductus venosus and, without significant mixing in the inferior vena cava, passes directly into the left atrium through the foramen ovale (2). As a result, umbilical venous return is the main source of preload for the left ventricle, particularly as fetal PBF is very low and is unable to provide sufficient venous return to maintain left ventricular output (2) . The finding of a close inverse relationship between PBF and flow through the foramen ovale (FO) in human fetuses indicates that the provision of left ventricular preload is not static, but is dependent upon a competitive inter-relationship between these two sources of venous return (21) . Although it Figure 2 . Simultaneous phase contrast and angiographic X-ray image of a near-term rabbit kitten following partial ventilation of the right lung (20) . Aerated lung regions can be seen as "speckle" in the image and is due to refraction at the air/water interface (8, 34) . The pulmonary blood vessels are highlighted by the injection of an iodine contrast agent, which also highlights the right ventricle and the aorta. Despite aeration of only one lung, pulmonary blood flow (PBF) (as indicated by the amount of iodine contrast agent) was observed to increase in both aerated and unaerated lung regions (20) . Review is generally assumed that fetal PBF is perpetually low, based on early fetal studies (2), we now know that this interpretation is not entirely accurate. Indeed, PBF markedly increases (up to fourfold) during fetal breathing movements (FBMs), which is thought to be due to dynamic and transient (breath-by-breath) increases in the capillary/interstitial tissue transmural pressures, leading to a transient decrease in PVR (22) . As such, it is likely that the relative contribution of these two sources of preload (PBF and flow through the FO) will vary depending upon factors such as fetal activity. In the fetus, the presence of the DA and the high PVR confers a unique characteristic pattern to the PBF waveform (22, 23) , which can be influenced by fetal activity such as FBMs (22) . During systole, blood flows toward the lungs but during late systole and throughout most of diastole, blood flows retrogradely in the pulmonary arteries away from the lungs (Figure 3) . This retrograde flow is due to blood reflecting off the highly constricted pulmonary vascular bed and exiting the pulmonary circulation by flowing through the DA and entering the systemic circulation (24) . As a result, blood flows continuously in the DA throughout the cardiac cycle with relatively high basal flows during diastole (23) . As flow in the main pulmonary trunk, which is only 1-2 cm upstream of the DA, decreases to zero during diastole (2), the high basal flows in the DA during diastole are entirely attributable to retrograde flow in the left and right pulmonary arteries (Figure 3 ).
Cardiovascular Changes with Immediate Umbilical Cord Clamping
At birth, immediate clamping of the umbilical cord reduces venous return to the heart by 30-50% and instantaneously increases systemic vascular resistance by removing the lowresistance placental circulation from the systemic circuit (25) . As a result, arterial pressure rapidly increases by about 30% within four heartbeats and cardiac output decreases by 30-50%. The latter is due to both the increase in afterload and the decrease in venous return (which decreases preload) (25) . In addition, cerebral blood flow initially increases, presumably due to the rapid increase in arterial pressure, but then rapidly decreases again as cardiac output decreases and arterial blood pressures stabilize. Cardiac output then remains low until ventilation commences and PBF increases, which restores venous return and left ventricular preload before restoring cardiac output (Figure 4) . The relative timing of cord clamping and lung aeration are therefore critical to a smooth transition and, if out of sequence, may expose the newborn to significant cardiovascular instability leading to complications including hemorrhage.
Due to the combined effect of a decrease in PVR and an increase in systemic vascular resistance caused by umbilical cord clamping, net flow through the DA reverses resulting in net left-to-right shunting across the DA (23) . As a result, flow through the DA significantly contributes to the increase in PBF immediately after birth, which causes a major change in the PBF waveform and results in a significant left ventricle, lung, left ventricle short circuit. Retrograde PBF is rapidly abolished (within 5-10 min) and blood flows toward the lungs throughout the entire cardiac cycle with the high basal flow during diastole being entirely due to the contribution of leftto-right shunting through the DA. However, although net flow through the DA is left-to-right, instantaneous flow is mostly bidirectional, with right-to-left flow occurring briefly during Review Hooper et al.
early systole but then switching to left-to-right during late systole and throughout diastole (Figure 3) . This is thought to be due to the anatomical relationship between the DA and pulmonary and aortic arteries (5) . That is, during systole, the pressure wave exiting the right ventricle reaches the pulmonary artery/DA junction before the pressure wave exiting the left ventricle reaches the DA/aorta junction. As a result, briefly during early systole, the pressure at the pulmonary artery/DA junction is greater than that at the DA/aorta junction resulting in a transient period of right-to-left shunting through the DA (23) . However, when the systolic pressure wave from the left ventricle reaches the aortic end of the DA, the pressure gradient reverses resulting in a reversal inflow and left-to-right shunting through the DA.
Cardiovascular Changes with Delayed Umbilical Cord Clamping
As indicated above, clamping the umbilical cord immediately after birth and before the lungs aerate causes a 30-50% decrease in cardiac output due to an increase in afterload and a reduction in ventricular preload caused by the loss in umbilical venous return (25) . This reduction in cardiac output persists as long as the delay between cord clamping and the increase in PBF (induced by ventilation onset) continues (Figure 4) . However, the decrease in ventricular preload can be avoided by increasing the PBF before the umbilical cord is clamped (25) . As the increase in PBF results from lung aeration, establishing pulmonary ventilation while the umbilical cord is still intact allows PBF to increase while venous return and ventricular preload are maintained by umbilical venous return (25) . As a result, PBF can immediately take over the role of supplying ventricular preload before the cord is clamped and umbilical venous return is lost. Thus, initiating ventilation before the cord is clamped can mitigate the changes in cardiac output, blood pressure, and cerebral blood flow caused by umbilical cord clamping in preterm lambs (Figure 4 ) (25) . The appropriate timing of umbilical cord clamping has been a topic of debate for millennia (26) , even dating back to Aristotle in ~350 BC. The concept that umbilical cord clamping should not occur immediately after birth is often termed "delayed" cord clamping, although this implies that "immediate cord" clamping is the normal or natural timing for cord clamping. This may not be correct. Nonetheless, immediate cord clamping after birth is the most commonly used and accepted practice worldwide and forms part of the current strategy for actively managing the third stage of labor; the rationale for which is to reduce the risk of maternal hemorrhage (27) . The active thirdstage management of labor includes oxytocin administration upon delivery of the infant's anterior shoulder and immediate cord clamping (27) . While it is established that active management reduces the risk of severe post-partum hemorrhage (PPH), it is focused on maternal outcomes and may overlook potential adverse affects on the infant. Indeed, one adverse finding detailed in the Cochrane review showed that maternal oxytocin administration caused a significant decrease in birth weight (27) , presumably due to a reduction in neonatal blood volume. As all infants had immediate cord clamping (27) , this finding is consistent with the view that delayed cord clamping causes placental to infant blood transfusion. There is also evidence that oxytocin administration after delivery of the placenta is associated with less maternal blood loss than administration before delivery of the placenta (28) and that early administration of oxytocin may increase the risk of a retained placenta (29) . Perhaps, therefore, it is time to revisit how the third stage of labor is managed with reference to the timing of oxytocin administration and umbilical cord clamping so that both maternal and neonatal outcomes are considered. The available evidence, derived from both clinical and experimental studies, indicates that the timing of umbilical cord clamping can have significant consequences for the infant, with most attention focusing on the potential for placental to infant blood transfusion (30, 31) . Indeed, it is possible that an increase in infant blood volume can account for some of the cardiovascular benefits detailed above. As a result, the most recent (2010) guidelines from the International Liaison Committee for Resuscitation (ILCOR) have recommended that umbilical cord clamping be delayed for at least 1 min in healthy term infants not requiring intervention (32) . However, the optimal timing for the delay in cord clamping is not clear. In view of recent evidence, clamping the cord at a set arbitrary period of time after birth with no reference to the infant's changing physiology would not appear to be physiologically sound or likely to optimize the potential benefits for an individual (25, 26) . The most recent experimental evidence indicates that, rather than an arbitrary period of time, the infant's respiratory function is likely to be a better indicator for when the cord should be clamped (25) . That is, waiting until the infant has established effective breathing, particularly if a pulse oximeter is used and showing an increasing oxygen saturation level, will ensure that PBF has increased and is able to provide sufficient venous return and preload for the left ventricle. Most infants will start breathing and crying immediately after birth and, therefore, may receive little benefit from a 1-min delay in cord clamping, unless it receives extra blood volume. On the other hand, those infants who experience a delay in establishing breathing after birth may receive substantial benefit from delayed cord clamping (25) , particularly if it allows time for spontaneous breathing to commence. In any event, the mother may also receive benefit from delayed cord clamping and administration of oxytocin after placental delivery (26) .
In reference to the 2010 ILCOR guidelines, delayed umbilical cord clamping is only recommended for healthy term infants not requiring intervention (32) . It has also been suggested that delayed cord clamping is contraindicated for neonatal asphyxia and, instead, it is recommended that the infant should be immediately separated from the placenta and transferred for urgent resuscitation (33) . However, it can be argued that delayed cord clamping would be of least benefit to infants not requiring intervention and of most benefit to those requiring respiratory support immediately after birth. Indeed, volume administration is an important first step in the care of sick infants. But it is also important to recognize that the benefits of delayed cord clamping in apneic asphyxic infants will likely depend on the cause of the asphyxia. If it is due to cord compression or a placental complication, then it is unlikely that delaying cord clamping until after ventilation onset will have any benefit. Clearly, further studies are required to define whether infants requiring resuscitation at birth, particularly preterm and asphyxic infants, would be better served by receiving that support while still attached to the umbilical cord.
SUMMARY
It is now well established that lung aeration, the increase in PBF, and maintenance of cardiac function in the newborn period are intimately linked (5) . More specifically, these major physiological events occur in a set interdependent sequence, beginning with lung aeration, which triggers an increase in PBF that then provides venous return and preload for the left ventricle (5) . As left ventricular preload in the fetus is predominantly derived from umbilical venous return (2) , if the period between umbilical cord clamping and breathing onset is delayed at birth, the infant will experience a period of reduced cardiac function. This is due to a reduction in ventricular preload caused by the loss of umbilical venous return and the inability of pulmonary venous return to supply sufficient preload before the lung aerates and PBF increases (25) . If this is combined with a transient period of hypoxia, the infant is at risk of experiencing a hypoxic/ischemic event. Alternatively, if ventilation commences before the cord is clamped, there is no loss in preload as venous return immediately switches from umbilical to pulmonary venous return upon cord clamping. In view of this improved understanding of the inter-relationships between these major physiological events that underpin the transition to newborn life, the logic for delaying cord clamping until after breathing has begun is now more readily apparent.
